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The study of jet acoustics is crucial for future aeroengine designs. Although the high-
bypass ratio of modern turbofans can have a shielding effect on the core jet noise, there is an
increased potential of interaction of the jet flow with wing and flap, and its effects on noise
need to be thoroughly investigated. Wall-Modelled Large-Eddy Simulation (WMLES) is
a powerful method to study the installation effects on jet noise, as it does not have strict
near-wall requirements, allowing for a more uniform mesh for better noise propagation and
a saving in computational cost. An adaptive wall model is here introduced and validated
on channel flow, on the MD-30P/30N high-lift multi-element airfoil, and on the NASA
High-Lift Common Research Model (HL-CRM). WMLES simulations, combined with the
Ffowcs Williams and Hawkings (FW-H) sound extrapolation method, are performed on
turbulent coaxial jets in isolated and installed configurations. Computed flow field and
sound spectra present favourable agreement with experimental results, confirming key fea-
tures of the installation effects on jet noise.
Nomenclature
a∞ speed of sound
D diameter
Ma Mach number
ν viscosity
νsgs subgrid-scale viscosity
νnw near-wall turbulent viscosity
νw wall turbulent viscosity
p pressure
r radial coordinate
St Strouhal number
t physical time
T temperature
u velocity
Ubp bypass stream axial velocity
Uc core stream axial velocity
uτ friction velocity
x axial coordinate
y wall distance
ε upwinding parameter
θ polar angle
ρ density
σ singular value of the velocity gradient tensor
τw wall shear stress
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I. Introduction
The future of aviation is closely linked to aircraft environmental impact. Noise reduction is one of
the industry’s main concerns due to goals established by civil authorities, such as the 65% reduction of
noise emissions by the year 2050 set by the European Commission.1 The noise from a propulsive jet is an
important source at take-off and approach conditions even for modern high bypass ratio turbofans. Although
the increase in bypass ratio can have a shielding effect on the core jet noise, there is an increased potential of
interaction of the jet flow with the wing and the partially deployed high lift system, and its effects on noise
need to be thoroughly investigated.
Since the pioneering work of Lighthill,2,3 numerous analytical and experimental studies4 have attempted
to provide a more solid understanding of the jet noise generation mechanism. Recent advances in computa-
tional aeroacoustics5 have allowed to tackle the complexity of the phenomenon numerically under controlled
conditions. Large-eddy simulations (LES) have proven to be a robust tool for prediction of the jet acoustic
field.6–9 Relying on direct computation of the far-field noise is often not computationally affordable. In-
tegral approaches, like Kirchhoff10 or Ffowcs Williams – Hawkings11 (FW-H), allow to evaluate the sound
propagation from the perturbation field captured on a surface surrounding the jet, thus requiring an accu-
rate solution only of the flow enclosed in the surface. The FW-H method has been validated in numerous
studies12–16 and has been recently applied to jets from complex nozzles.17–19
Careful design of the grid is needed for noise propagation, with particular attention to ensure low growth
rates and low aspect ratios. Depending on the complexity of the geometry, obtaining such a grid might not
always be possible. Near-wall requirements for well-resolved LES are prohibitive, and even relying on hybrid
approaches such as DES or hybrid RANS-LES usually means high aspect-ratios near the wall. Wall-modelled
LES based on a wall-stress boundary condition (usually referred to as WMLES), can be a suitable alternative
for the study of jet noise in complex configurations, as it has less strict near-wall requirements compared to
wall-resolving methods, and is still able to capture the large eddies of the wing boundary layer,20 the effects
of which on jet noise need to be studied.
The aim of this work is to introduce an adaptive WMLES approach and to present its effectiveness in
isolated and installed jet cases. The paper is structured as follows. Section II defines the numerical methods:
the solvers, the adaptive WMLES, and the FW-H method. An extensive validation of the wall model is
presented in Section III. Turbulent flow field and acoustic results for the isolated coaxial jet are discussed in
Sections IV. Section V presents the setup and the analysis of the results for the installed case. Concluding
remarks are provided in Section VI.
II. Numerical methods
II.A. Solvers
Two different solvers were used in order to assess the generality of implementation of the wall modelling. The
jet cases and the HL-CRM case presented in this work were solved with Code-A, while the more fundamental
cases studied for the validation of the wall modelling, i.e. the channel flow and the high-lift multi-element
airfoil, were solved with Code-B. A brief description of the two solvers is given below.
II.A.1. Code-A
Code-A21 is a density-based cell-vertex finite volume industrial code used for turbomachinery design. The
second order flux calculation is based on the Roe scheme
Fij =
1
2
(F (Qi) + F (Qj))− 1
2
ε |Aij | (Lj (Q)− Li (Q)) (1)
where Aij is the Jacobian of the inviscid flux, Q is the conserved variable vector, L() is the pseudo-Laplacian
operator and ε is a tunable parameter to control the amount of upwinding.19 For the temporal discretisation,
a standard three-stage Runge-Kutta explicit algorithm is employed.
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II.A.2. Code-B
Code-B is the OpenFOAM pressure-based compressible finite volume solver rhoPimpleFoam, built on a
combination of the pressure-implicit split-operator (PISO) and the semi-implicit method for pressure-linked
equations (SIMPLE). The SIMPLE sub-iterations (3 in the present work) allow a more stable convergence
for larger time steps. For the convective terms a blending of a central differencing scheme and a second order
upwind scheme is applied through a local factor ε, with the same rationale as in Code-A.
II.B. Adaptive Wall-Modelled LES
The Wall-Modelled LES presented in this work is based on the wall-stress modelling approach, in which the
LES subgrid-scale model is defined all the way down to the wall, and the under-resolution of the boundary
layer is compensated by imposing a wall-stress boundary condition.
II.B.1. The subgrid-scale model
The choice of the LES subgrid-scale (SGS) model is critical for jet applications. Standard models with
constant coefficient are usually too dissipative in the initial free shear layer of the jet, thus delaying its
transition. Dynamic models can overcome this issue22 at the price of stability, which is not always desirable
when simulating complex flows. This is why implicit LES (or ILES) has been widely adopted in the litera-
ture,19,23,24 since the absence of an SGS model allows accurate capture of the jet behaviour, especially near
the nozzle. An alternative LES approach25,26 can yield a more physical behaviour for boundary and free
shear layers, by replacing the classical strain rate in the formulation of the subgrid-scale viscosity νsgs, with
other invariants of the velocity field. One of the latest examples of this approach, the σ-model,27 has been
validated for jet noise,28,29 and chosen for the present work. The subgrid-scale viscosity is defined as
νsgs = (Cm∆)
2D (u) (2)
with
D = σ3 (σ1 − σ2) (σ2 − σ3)
σ21
(3)
where σ1 ≥ σ2 ≥ σ3 ≥ 0 are the three singular values of the velocity gradient tensor. Unlike the Smagorinsky
model, the σ-model has, by construction, the property to automatically vanish as soon as the resolved field
is either two-dimensional or two-component, including the pure shear and solid rotation cases. In addition,
the model generates no subgrid-scale viscosity when the resolved scales are in pure axisymmetric or isotropic
contraction/expansion. Finally, it has the appropriate cubic behaviour in the vicinity of solid boundaries
without requiring any ad-hoc treatment.27 The robustness of the model makes it a good candidate for
complex applications.
II.B.2. The wall shear stress boundary condition
Following Werner and Wengle,30 the wall boundary condition is specified by assuming that at the grid points
closest to the wall, the instantaneous velocity u is in phase with the instantaneous wall shear stress τw and the
instantaneous velocity distribution is assumed to follow the law-of-the-wall. Here we choose to use Spalding’s
continuous formula for the law-of-the-wall31
y+ = u+ +
1
E
(
eκu
+ − 1− κu+ − (κu
+)
2
2!
− (κu
+)
3
3!
)
(4)
where y+ = yuτ/ν, u+ = u/uτ , κ = 0.41 and E = 9.8. The formula is solved iteratively for uτ through the
Newton-Raphson method. The resulting required wall shear stress
τw = ρ · u2τ (5)
is applied by defining the wall turbulent viscosity
νw =
τw
ρ · ∂u/∂y − ν (6)
3 of 15
American Institute of Aeronautics and Astronautics
II.B.3. The near-wall correction
This wall-stress function needs to be balanced by an appropriate internal field in the immediate proximity
of the wall. Werner and Wengle30 replaced the Smagorinsky length scale with the minimum value between
the Prantdl mixing length κy and a corrected LES filter width. Shur et al.32 adopted a similar approach
for a Hybrid RANS-LES with the Smagorinsky model in fully-resolved boundary layers, with the addition
of the wall-damping function by Piomelli33
(
1− e−(y+/A+)3
)
. In both these studies a near-wall treatment
was necessary due to the high levels of the Smagorinsky SGS viscosity near the wall resulting in excessive
turbulence damping.
In the present work, the grid is assumed to be only mildly anisotropic near the wall, and therefore suitable
for LES with no need for a hybrid RANS-LES blending zone. The under-resolution of the boundary layer, on
the other hand, means that the subgrid-scale viscosity near the wall needs to be corrected, similarly to the
above-mentioned studies. In this case this is necessary because the SGS viscosity obtained with the σ-model
is underestimated, as it is zero by construction at the wall. Kawai and Larsson34 tackled the same problem
for the dynamic Smagorinsky model by using one-sided formulas for the derivatives and by extrapolating
from the interior nodes the model coefficient. Here we choose a less complex approach, by adjusting the
near-wall turbulent viscosity (similarly to Templeton et al.35) in a RANS fashion:
νnw = (κy)
2 ·
(
1− e−(y+/A+)3
)
· S (7)
with S =
√
2SijSij , κ = 0.41 and A+ = 25. This near-wall formulation is similar to the Baldwin-Lomax
RANS model,36 which has been widely used in aerospace and turbomachinery applications, thanks to its
suitability for high-speed flows with thin attached boundary-layers.
This near-wall correction is necessary only in the first cell/node from the wall, since the LES model can
quickly resume the LES behaviour in the adjacent layers. It is also an adaptive correction that can be used
seamlessly with any resolution of the boundary layer (provided that the grid is relatively isotropic and the
modelling only involves the inner boundary layer), since it vanishes with a physical behaviour when the
boundary layer is fully resolved. This allows for a simple and robust implementation, with no additional
parameters controlling the RANS-LES blending, as is required in DES or typical Hybrid RANS-LES models.
A schematic of the use of νsgs, νnw and νw in the cell-vertex solver and in the cell-centred solver is
reported in Figure 1.
u
y
y
u
νw
νnw
νsgs
νw
νnw
νsgs
Figure 1. Schematic of the implementation of the wall modelling for the cell-vertex solver (left) and the cell-centred
solver (right).
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II.C. Far-field acoustic computation
For the far-field noise, the FW-H surface integral37 is computed. This yields the far-field acoustic pressure
fluctuation p′ (x, t). Since the noise source is inside the surface (if the surface is large enough and far enough
from the jet exit region), a simplification can be made by omitting the volume quadrupole integral. This, as
suggested by Shur et al.38 and Di Francescantonio,37 saves substantial data storage. The integral equation
is as follows:
4pip′ =
∂
∂t
∫
S
[ρun
r
]
dS +
1
a∞
∂
∂t
∫
S
[
p′nr + ρunur
r
]
dS +
∫
S
[
p′nr + ρunur
r2
]
dS (8)
In the above, r (r being its modulus) defines the observer position, a∞ stands for the ambient speed
of sound and S is the FW-H surface. The quantities in the square brackets are computed at “retarded”
times. Also, nj is the component of the unit outward normal vector on the surface, and uj is the velocity
component. Surface data is stored while the simulation is performed, ready for later post-processing.
III. Wall modelling validation
III.A. Channel flow
A channel flow simulation with Reτ = 2000 was performed for a first validation of the present wall modelling.
In Figure 2 the model yields the correct law-of-the-wall behaviour for both a well-resolved (y+ = 3) and an
under-resolved (y+ = 25) boundary layer in channel flow, with a slight mismatch in the log-layer, typical
of this kind of models.39 The adaptive nature of this model makes it suitable for complex configurations,
in which the near-wall refinement might change drastically within the same domain. Similarly to the chan-
nel case, the correct under-resolved estimation of the wall-shear stress is expected to be beneficial for the
prediction of the flow profile inside the jet nozzle, and therefore for the overall evolution of the jet.
y+
U
+
100 101 102 103
0
5
10
15
20
25
30
finer
coarser
Figure 2. Channel flow velocity profile with the adaptive Wall-Modelled LES
III.B. High-lift multi-element airfoil
Further validation of the wall modelling was conducted to test its suitability to capture the lift in an installed
jet configuration. Simulations were performed on the multi-element high-lift airfoil MD-30P/30N, at two
angles of attack, 8 and 19 degrees, at which the flow is attached and the wall model is therefore fully reliable.
The angles of attack were intended to be close to a take-off and to an approach condition, which are of interest
for jet noise applications. The grid is fully structured and has 12 million cells, with a spanwise domain width
of 4% of the chord, and a near-wall resolution around y+ = 100. Figure 3 shows the instantaneous flow field
around the airfoil at AoA=19°. The accurate capture of the turbulent features of the flow along the flap
might play an important role in the study of jet-flap interaction.
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In Figure 4 (left) the surface pressure coefficient compares well with experiments.40 Figure 4 (right)
shows the correct prediction of lift, compared to the case with no wall modelling, which clearly yields an
overprediction. A series of contributions presented in a recent study on slat noise41 (many of which were
performed on a 70M grid with wall-resolved DES) is reported in the same figure with the median value of
the entire set of simulations, and an error bar indicating the confidence interval. This comparison confirms
that our wall model has the potential to yield similar results at a lower computational cost.
Figure 3. Instantaneous velocity magnitude around a MD-30P/30N high-lift airfoil with deployed slat and flap
(AoA=19°).
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Figure 4. MD-30P/30N surface pressure coefficient (AoA=8°) and lift curve.
III.C. High-lift Common Research Model (HL-CRM)
The final test case for the the wall model validation was chosen to be a full 3D aircraft, based on the NASA
High-Lift Common Research Model (HL-CRM) in landing configuration.42 Table 1 provides details about
the geometry and the operating conditions. The desired Reynolds number of 3.26 million, based on the mean
aerodynamic chord (MAC), is achieved with the full scale geometry by scaling up the viscosity appropriately.
Table 1. HL-CRM geometric parameters and operating conditions.
Ma AoA MAC ReMAC
0.2 16° 7 m 3.26M
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The simulation was performed on a hybrid structured-unstructured mesh of 50M cells, with near-wall
hexahedral layers. In order for the grid to be suitable for the present WMLES, the resolution at the walls
was set to y+ < 100, and ∆x+,∆z+ = 300− 3000.
The Q-criterion of Figure 5 reveals the wing-tip and flap-tip vortices, as well as very fine turbulent struc-
tures captured by the LES model on the wing. Figure 6 shows a very good agreement between the pressure
coefficient from the present case and that obtained42 with a much finer wall-resolved RANS simulation.
Due to the under-resolution of the boundary layer, the results obtained with the current approach are not
expected to be as accurate as a wall-resolved method. Nonetheless, the possibility of predicting essential
features, such as the surface pressure distribution, with a computationally efficient eddy-resolving simulation,
at a cost comparable to wall-resolving RANS methods, can be crucial for installed jet noise applications.
Figure 5. Q-criterion of the HL-CRM, coloured by streamwise velocity.
x/MAC
C p
4 4.5 5 5.5
-4
-2
0
WMLES (50M)
RANS (120M)
Figure 6. HL-CRM surface pressure coefficient (left) at spanwise location y = 1MAC (right).
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IV. Isolated coaxial jet
IV.A. Case setup
The case chosen as baseline for the isolated coaxial jet is that of the CoJeN project with no flight-stream
(see Table 2).
Table 2. CoJeN operating conditions.
Uc Ubp Mac Mabp TR
480 306 0.86 0.9 2.7
The cylindrical computational domain ranges from x/Dbp = −2 to 100, and from r/Dbp = 20 to 40.
The 50M grid is completely structured, with a central block connected to the plug (see Figure 7), and a
near-wall resolution around y+ = 50. The spatial numerical scheme uses a smoothing parameter ε = 0.5,
which is considered a good compromise in terms of reducing the dissipation while avoiding spurious sound
waves. ε = 1 is used as a sponge zone near the far-field boundaries. The simulation was run using explicit
time stepping ensuring CFL<0.5. A transient of 300t∗(where the non-dimensional time t∗ = Dbp/Uc) was
necessary to initialize the flow, and another 50t∗ was used for flow statistics and FW-H.
Figure 7. Grid detail near the CoJeN nozzle.
IV.B. Instantaneous and mean flow
Figure 8 shows a snapshot of the jet instantaneous flow field of the isolated CoJeN case. The velocity con-
tours (rainbow color map) reveal the shielding effect of the bypass, with a delayed shear layer development
of the (red) jet core. The greyscale pressure contours qualitatively locate very strong sound sources near the
nozzle lips, and identify a preferred directions of propagation at low polar angles (θ ≈ 30°), as expected.
Figure 8. Near-field acoustic wave dilatation visualized by pressure contours (greyscale) and velocity contours (rainbow)
for the CoJeN case.
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Centerline statistics (Figure 9) agree well with experiments, thanks to the careful meshing of the plug
region and to the effective modelling of turbulence of the σ-model. The axial velocity rises rapidly downstream
of the plug, reaching a peak at x/Dbp ≈ 3.5, and the subsequent rate of decay is well captured. The normal
stress shows the same agreement, with its maximum peak matching the measurement further downstream
at x/Dbp ≈ 6.
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0.015
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Figure 9. Axial velocity and normal stress along the centerline.
IV.C. Acoustics
Figure 10 shows a sketch of the FW-H surface with the sound observer positions. The placement of the
FW-H surface was chosen to avoid hydrodynamic pressure fluctuations, while still remaining as close as
possible to the jet. The position of the closing disk at 30D is a good compromise, as it is far enough not to
introduce spurious results, and close enough to keep the initialization time to a minimum.
The acoustic results are azimuthally averaged and Figure 11 shows the PSD for two different polar angles
θ = 30° and 120°. The agreement with experiments43 is very good, with a cut-off frequency of St ≈ 3 − 4.
The peak noise level and the decay rate at high frequencies are well captured at every polar angle.
FW-H surface
centerline
nozzle
120°
90°
60°
30°
Figure 10. Representation of the FW-H surface profile and the far-field sound observer position.
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Figure 11. Far-field sound PSD at θ = 30° (left) and 120° (right) for the coaxial isolated jet (symbols expt; solid line
LES).
V. Installed coaxial jet
V.A. Case setup
The installed case consists of a simplified transport aircraft geometry, with fuselage, one wing with flaps
deployed, and the coaxial engine nozzle with pylon. Geometry and experimental data were produced under
the SYMPHONY project. The flow conditions are representative of the range of conditions encountered by
modern aeroengines in post-takeoff. For comparison with experimental results obtained with an open-jet
wind tunnel in a large anechoic chamber, the simulated jet flow is supplied via a feed pipe (see Figure 12).
The computational domain ranges from x/Dbp = −30 to 100 in the axial direction, and from r/Dbp = 30
to 50 in the radial direction. The 120M grid is almost completely structured in the areas of interest (blue
in Figure 12), consisting of 80M hexahedra, almost equally divided between the jet region and the airframe.
The rest of the domain (green) is unstructured and allows for a more rapid coarsening towards the far-field.
The near-wall resolution is around y+ = 70 on the nozzle boundaries, and y+ < 100 on the wing. As can be
seen in Figure 13, a particular effort has been made to ensure low growth rates and low aspect ratios in the
jet region, for an optimal noise propagation.
Figure 12. Schematic of the structured (blue) and unstructured (green) regions of the installed case grid.
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Figure 13. Close-up of the installed case grid near the nozzle (magenta - wing; cyan - pylon; yellow - nozzle).
The spatial numerical scheme is the same as the isolated case, with ε = 0.5 (and ε = 1 near the far-field
boundaries). The simulation was run using explicit time stepping ensuring CFL<0.5. A transient of 200t∗
(where the non-dimensional time t∗ = Dbp/Uc) was necessary to initialize the flow, and another 100t∗ was
used for flow statistics and FW-H.
V.B. Instantaneous and mean flow
Figure 14 shows the jet Q-criterion, and acoustic waves on a cut-plane immediately below the engine. It can
be noticed how the sound propagation is well captured in the inner structured region of the mesh, whereas
strong dissipation occurs away from the inner region.
Figure 14. Q-criterion coloured by axial velocity (rainbow), and pressure waves at z/Dbp = −0.2 (greyscale). The solid
surfaces are only representative of the actual geometry.
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Centerline statistics are reported in Figure 15. No experimental comparison is available at this stage,
but the overall behaviour is similar to the isolated case. The drop in axial velocity at x/Dbp ≈ 2.5, right
after its peak at x/Dbp ≈ 2, is thought to be due to the presence of the pylon. The normal stress presents
the expected peak at x/Dbp ≈ 7, corresponding to the collapse of the potential core.
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Figure 15. Axial velocity and normal stress along the centerline for the installed case.
V.C. Acoustics
The interaction of the acoustic waves with wing and flap is illustrated in Figure 16, displaying dp/dt contours
in the xz cut-plane. The expected noise source where the jet interacts with the flap is clearly noticeable,
together with the high-frequency scattering from the wing leading edge.
The FW-H surface was determined in order to include these sources. As can be seen in Figure 17, near the
solid boundaries the surface consists of a series of elliptical sections encasing the wing. Further downstream
it resumes a circular section similar to the isolated case. The radial distance from the jet was chosen to avoid
hydrodynamic noise sources, while still remaining in the structured region of the grid. The position of the
closing disk at 40D is a good compromise for flight-stream conditions, as it is far enough not to introduce
spurious results, and close enough to keep the initialization time to a minimum.
Figure 16. Instantaneous dp/dt contours for the installed case
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Figure 17. FWH surface (transparent) and pressure contours on the xy plane. The solid boundaries are only represen-
tative of the actual geometry.
The acoustic results are shown in Figure 18 for flyover polar angles θ = 90° and 120°, where 0° corresponds
to the direction of the jet, 90° is the downward direction from the engine, and 120° is slightly tilted towards
the flight direction (see Figure 10). Since the azimuthal average is not possible in this case, the PSD is
filtered by averaging over one-third octave bands.
The matching low-frequency drop of the spectra is a sign that the placement of the FW-H surface is
appropriate. The peak noise levels are in agreement with the experiments, as are the decay rates before the
cut-off frequency (St ≈ 2.5). The interaction of the sound waves with the wing and the flap produces an
increase of the jet noise directed downwards especially at lower frequencies, compared to the isolated case.
The double peak at 120°, properly captured by the simulation, is evidence of this effect, and suggests that
installation effects have a stronger influence in the upstream direction.
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Figure 18. Far-field sound PSD at θ = 90° (left) and 120° (right) for the installed case.
VI. Conclusions
A robust and adaptive WMLES method has been presented. Validation of the model was successfully
conducted on channel flow, on a high-lift multi-element airfoil, and on the NASA HL-CRM, showing its
computational efficiency compared to wall-resolving methods. The adaptive nature of this model makes it
suitable for complex geometries, in which the near-wall refinement might change drastically within the same
domain, and for jet noise studies, in which more uniform grids can improve sound propagation.
Simulations of turbulent coaxial jets in isolated and installed configurations show very good agreement
with experimental data, for both near-field fluctuating quantities and far-field sound spectra. An analysis of
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the sound propagation in the installed case reveals an additional noise source due to the jet-flap interaction,
and a high-frequency scattering from the wing leading edge. The flyover installation effects show a strong
influence in the spectral content, particularly at upstream polar angles.
The present work can serve as a starting point for future studies to build a more comprehensive under-
standing of the installation effects on jet noise.
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